This study examines the energy efficiency transitions in China using provincial data covering the period 2003-2015. Sustainable progress in energy efficiency achievements is beneficial to energy insecurity and the achievement of the Paris Agreement. This article combines the stochastic frontier method with the panel Markov-switching regression to model energy efficiency transitions. Estimated energy efficiency scores showed significant regional and provincial heterogeneity. Also, while human capital development, urbanization, and foreign direct investment promote energy efficiency, price and income per capita reduce it. The transition probabilities indicate that the high energy-efficient state is less sustainable, and the movement towards the frontier seems less persistent than movement from the frontier. Thus, it appears that China is not making sustainable progress in energy efficiency. The unsustainable nature of the high energy-efficient state suggests that in China, there are weak energy efficiency efforts and energy efficiency policies lack robustness.
Introduction
China has made significant economic progress since 1950, and this has raised energy consumption and carbon dioxide emissions. For example, in 2014, China's total energy consumption (i.e. 2.97 billion tons) accounted for 23% of the global total (Zhang and Lin, 2018) . In 2017, global energy demand increased by 2.1% (caused by weaker energy efficiency efforts, lower fossil fuel prices, and global economic growth of 3.7%), with fossil fuels contributing 72% of the increase (International Energy Agency [IEA], 2018) . China and India contributed more than 40% to the global increase in energy demand, and China was the major contributor to the growth in oil demand (IEA, 2018) . As a result, China is now a global leader in carbon dioxide emissions (Liu, 2015) . Despite the fall in 2015, which was driven mainly by the fall in coal energy consumption, carbon dioxide emissions in China reached 9.1 Gt in 2017, which is 1% higher than the level achieved in 2014. Consequently, global energy-related carbon emissions increased by 1.4% in 2017 1.4% in (IEA, 2018 .
Achieving sustainable improvement in energy efficiency in China is thus critical to reducing national and global carbon dioxide emissions (Duan et al., 2017) . Energy efficiency improvements reduce the energy expenditure burden on consumers, reduce energy demand and the associated carbon emissions, improve energy security, and prevent investment in additional generation capacity (Duan et al., 2017) . For example, between 2000 and 2015, energy efficiency improvements in IEA countries resulted in energy savings of 450 million tonnes of oil equivalent (Mtoe) and decreased the total energy expenditure by US$540 billion (IEA, 2016) . Since 2006, China has taken aggressive measures to enhance energy efficiency. During the 11 th Five-Year Plan (FYP) (2006) (2007) (2008) (2009) (2010) , the government set a binding national energy intensity reduction target of 20%. This was revised downwards by 4 percentage points in the 12 th FYP (2011 FYP ( -2015 and was subsequently set at 15% in the 13 th FYP (2016 FYP ( -2020 (IEA, 2016) .
The result is that energy efficiency improved at an average annual rate of 4% during the 11 th and 12 th FYP. Across China's energy-consuming sectors, energy efficiency improved by 19%, which is higher than the efficiency improvements in IEA countries (IEA, 2016) . Meng et al. 5.6%) was 2.5 percentage points higher than the average per year for the previous decade.
Consequently, global energy intensity improved by 1.8% in 2015 1.8% in (IEA, 2016 . Without energy efficiency in China, the global improvement would have been 1.4% (IEA, 2016) .
In China, the transition towards a clean energy state via energy efficiency has generated sizeable benefits to consumers, the economy, and the environment. The enhancement in energy efficiency over 2000 levels had saved about 1.2 Gt CO2 annually by 2014. In fact, without energy efficiency improvement, energy-related emissions in China would have been 13%
higher in 2014 (IEA, 2016) . Energy efficiency in China had two positive financial outcomes:
(1) it prevented an additional cost of US$6.9-US$10.9 billion in thermal power generation in the manufacturing sector, representing 48% of total investment in energy conservation during the first four years of the 12 th FYP, and (2) it reduced China's spending on imports by US$10 billion in 2015 and decreased energy expenditure for selected large industry sectors by US$18 billion in 2014 (IEA, 2016) .
However, the slowdown in global energy efficiency in 2017 1 (IEA, 2018) questions the sustainability or persistent nature of energy efficiency achievements. Achieving persistency in energy efficiency improvements is beneficial in the following ways: (1) it helps to achieve sustainable progress in energy security, (2) it puts China and the global economy on a sustainable pathway towards a decarbonised energy system, and (3) in terms of policy, it shows the extent of the commitment made and the robust/stringent nature of government energy efficiency policies. Nonetheless, in the case of China, there are no empirical studies that seek to ascertain the degree of persistence in energy efficiency achievements.
Motivated by the above, this study models the persistent nature of the movements of provinces in China towards and away from the frontier, where the frontier denotes the most energyefficient state. To do this, first, we apply the stochastic frontier model to separate persistent energy efficiency from transient energy efficiency and then estimate the overall energy efficiency scores. Second, based on the estimated transient energy efficiency scores, we define different energy efficiency states based on how close a province is to the frontier or how far away from the frontier it is and then apply the panel Markov-switching technique to model the transitions both within and among the different energy efficiency states. The estimated transition probabilities give indications of the degree of persistence of the different states identified and the transition to/from the frontier.
In China, the problem of energy efficiency has been approached in several ways. Some studies apply the decomposition-based technique to decompose energy intensity into different effects (Su and Ang, 2017, inter alia) , while others apply econometric-based techniques to understand the underlying causes of energy intensity (as a measure of energy efficiency) in China (Pang 1 Global energy intensity in 2017 slowed down to 1.7%, driven mainly by the weaker improvement in energy efficiency coverage and stringency and lower energy prices, compared with the previous three-year average of 2.3%. The rate is half what is required to remain on track with the Paris Agreement (IEA, 2018) . Ma and Yu, 2017, inter alia) . While the former is criticized as being descriptive in nature and unable to capture cause and effect, the latter is criticized on the grounds of using an inappropriate measure of energy efficiency -energy intensity Hunt, 2011, 2012) . While energy intensity is a much broader measure that is affected by economic structure, the environment, and other factors, energy efficiency in an economic sense relates more to the technical characteristics that affect energy intensity (Zhang and Broadstock, 2016) .
In evaluating energy efficiency, two methodologies have been proposed: non-parametric (Data Envelopment Analytic -DEA) and parametric (Stochastic Frontier Analysis -SFA)
techniques. The approach in this study is based on the latter. The DEA provides a deterministic measurement of energy efficiency performance. and Zheng (2017), and Wu et al. (2017) employed the DEA to measure energy efficiency in China. However, these studies assumed a homogeneous production technology. This problem has been dealt with by other studies that have applied the meta-frontier DEA by taking into account heterogeneity in production technologies (Liu and Lin, 2018; Lin and Zhang, 2017; Fei and Lin, 2016, inter alia) . For example, Liu and Lin (2018) applied the meta-frontier DEA to estimate energy efficiency in the transportation sector and investigate its drivers, finding that energy efficiency is generally low and ladder-like in distribution with obvious regional differences, and also that price of energy, industry structure, income, and transportation sector output have positive effects on energy efficiency. Apart from the fact that these DEA methods are deterministic in nature and vulnerable to the problems of omission variable bias and measurement errors, none of the above studies emphasised the importance of determining the persistent nature of energy efficiency states.
The parametric-based SFA imposes functional forms and distributional assumptions on the error component. This makes the SFA superior to the DEA in terms of dealing with measurement errors and omission variable bias problems, which could affect energy efficiency estimates.
Several studies have used SFA to evaluate energy efficiency. Lin and Wang (2014) Other studies have separated transient (i.e. short-run) efficiency from persistent (i.e. long-run efficiency). This distinction is considered important as short-run and long-run efficiency have different policy implications (Alberini and Filippini, 2018; Adom et al., 2018) . Filippini and Zhang (2016) applied the SFA to separate persistent efficiency from transient efficiency using provincial data from China. Average persistent and transient energy efficiency was found to be 0.81 and 0.97, respectively, with the average overall energy efficiency at 0.78. They revealed that by increasing energy efficiency to the 100% level in the long-run, China will save a total of 1000 Mtoe in energy consumption, representing 25% of the total in 2012. Zhang (2017) also applied the SFA to separate persistent efficiency from transient efficiency in Chinese provinces. Based on the estimated efficiency values, the study proposed an energy efficiencybased allocation principle, in contrast to the energy intensity-based allocation principle. The author concluded that an efficiency-based allocation provides a smooth distribution reduction burden among regions compared to the intensity-based allocation.
The above SFA studies assume that provinces have similar production technologies. Lin and Du (2014) applied the latent class SFA to Chinese data to deal with the problems of unobserved heterogeneity in production technologies and found that estimated energy efficiency was not high, with an average of 0.632 during 1997-2010. Further, the estimated average energy efficiency scores changed with different production technologies, which emphasises the importance of unobserved heterogeneity in production technologies across regions. Elsewhere, Llorca et al. (2017) also applied the latent SFA to estimate energy efficiency in the transportation sector of Latin America and the Caribbean.
The foregoing studies provide information about the energy efficiency status of provinces or firms for each time period but do not determine the persistent nature of energy efficiency achievements or the persistent nature of the movements to/from the frontier, albeit it is considered an important policy issue (Adom and Adams, 2018; IEA, 2018; Adom, 2016) . The main contribution of the current article is that it provides the first empirical evidence on the persistent nature of the energy efficiency state using the case of China, which is a global leader in energy consumption and carbon dioxide emissions. This study is different to the time-series approach adopted in Adom and Adams (2018) and Adom (2016) . The use of the panel-based Markov-switching model in this study provides several advantages: (1) it has larger degrees of freedom to improve the efficiency of the estimates, (2) it captures much more complex human behaviour, (3) It provides information on intertemporal dynamics and individuality of entities, which helps to control for the effects of missing or unobserved variables, (4) it provides information on the inter-individual differences that help reduce any possible collinearity that may exist between a variable and its lag, (5) it provides a micro foundation for macro data analysis, and (6) it provides better prediction of individual outcomes based on observed behaviour of others, especially in the case of a homogeneous sample. Further, this study uses the frontier-based definition of efficiency in contrast to the time-based approach adopted in Adom (2016) and Adom and Adams (2018) .
The study is organised as follows. Section 2 describes the method and data, Section 3 and 4 discuss the results from SFA and the Markov-switching model, and Section 5 concludes the paper with policy recommendations.
Methodology

Stochastic frontier model (SFA)
The methodology is based on the energy demand frontier by Filippini and Hunt (2011) .
Equation 1 is the energy demand frontier, where ED is minimum energy use to produce an
denotes the deterministic part of the energy demand frontier, P is the real price of energy index, Y is the real GDP, X is a vector of other explanatory variables that might explain energy consumption, 'i' denotes province, 't' is the time period,  is a vector of parameters that is associated with the deterministic part of the production function, it V e denotes the stochastic component of the energy demand frontier, and
 is the optimal minimum amount of energy required to produce the energy service output.
Deviations from this optimal minimum denote production inefficiency due to inefficiency in energy input; which is captured in Equation 1 by it U e . The noise term is two-sided non-negative with a normal distribution while the inefficiency term is one-sided non-negative with a halfnormal distribution. This study follows the linear functional specification (see Equation 2) and includes similar controls with some modifications as used in Filippini and Zhang (2016) and Zhang (2017) . We control for population, industry, service sector output, and average household size as in Filippini and Zhang (2016) and Zhang (2017) . Household density is excluded in this study as it captures size and correlates with household size. This paper includes the total number of passenger vehicles, which is the sum of commercial and public, to capture the effects of transportation. This is in contrast to Filippini and Zhang (2016) and Zhang (2017) , who all used the number of cars and the number of buses.
This article follows the approach of Jondraw et al. (1982) to estimate energy efficiency.
Equation 3 shows the estimate of energy efficiency, where is the minimum energy demand of the ith province at time t and is the observed energy consumption. Overall energy efficiency is the product of persistent and transient energy efficiency.
It is crucial to take into account the presence of time-invariant inefficiency, time-invariant unobserved heterogeneity variables, and time-varying energy efficiency when estimating the energy demand frontier (Filippini and Zhang, 2016; Zhang, 2017) . As noted by Filippini and Zhang (2016) , in the case of China, these issues are prevalent due to the relatively large size and heterogeneity of the morphology and socioeconomic organizations of provinces. There are presently no well-proven techniques that, for example, estimate persistent and transient energy inefficiency simultaneously 2 . In this study, we estimate the fixed effect versions of the SFA.
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First, the fixed effect model (hereafter FEM) by Cornwell et al. (1990) is used to estimate persistent energy efficiency. Second, the true fixed effect model (hereafter TFEM) by Greene (2005a) is used to estimate transient energy efficiency. In this paper, the issue of endogeneity is treated with the instrumental variables approach following Filippini and Zhang (2016) , even though there is still no approved way to effectively handle endogeneity within the SFA.
FEM is distribution free and assumes linearity as the only assumption. However, it assumes that the efficiency term is time-invariant and varies across cross-section only, which rules out the possibility of learning-by-doing. Therefore, the persistent efficiency may be underestimated in this model. TFEM separates unobserved province-specific heterogeneity from time-varying efficiency. In the presence of persistent efficiency, TFEM estimates only transient efficiency. Chen et al. (2014) and Belloti and IIardi (2018) reveal that Greene's maximum likelihood dummy variable estimator suffers from the incidental parameters problem, which leads to an inconsistent estimate of the variance parameter. This article also estimates the consistent true fixed effect model by Chen et al. (2014) , but the high correlation (0.9482) between the efficiency estimates from Chen and Greene's TFEM seems to downplay this problem. Although TFEM separates unobserved province-specific heterogeneity from timevarying efficiency, it does not capture persistent efficiency. Therefore, our estimate of transient efficiency is likely to suffer from being over-estimated.
We then regress the overall energy efficiency scores on a vector of explanatory variables to identify the drives for the efficiency changes. In the empirical literature, the effects of several factors on energy efficiency have been examined. Since energy efficiency in the economic sense relates to the technical characteristics, we examine the factors that can affect energy efficiency in the technical sense. It should be stated that an improvement in energy efficiency could affect energy consumption (i.e. rebound effect). Therefore, the factors we examine here are expected to have effects on consumption via energy efficiency, but we do not examine this complex channel directly. Specifically, we control for the effects of foreign direct investment (FDI), human capital development (measured here using the years of education), real GDP per capita, the rate of urbanization, size of green parkland to capture the green nature of the province, real price energy index, and regional dummies.
FDI stimulates technological spillover and knowledge transfer, which can enhance the technical processes of production and promote energy efficiency. However, the materialization of technological spillover and knowledge transfer depends on the technological absorptive capacity of the host country. Thus, the effect of FDI can be positive or negative. Urbanization (UR) can worsen the technical processes of production by increasing the demand for energyintensive goods such as cement and steel. Likewise, the concentration of people in one place can promote economies of scale in the use of energy services. Thus, urbanization can promote or worsen energy efficiency. Following Lv et al. (2017) and , this study includes the effects of FDI and urbanization. The development of human capital (EDU) can promote the environmental awareness of end-users, and this could impact positively on energy efficiency. Following Liu et al. (2017) , this study includes the effects of human capital development, and following Liu and Lin (2018) , it includes the effects of income per capita (YPC) and price of energy. Higher income could induce investment in energy-efficient equipment or the use of energy-intensive products. Thus, higher income could have positive and negative effects on energy efficiency. Increasing the price of energy can induce investment in energy-efficient equipment in a free market economy, all things being equal, and promote energy efficiency. However, where there is a heavy government presence in the regulation of energy price, the investment-induced effect of price might be distorted and hence compromise energy efficiency in the process. The green nature (GPL) of a province might indicate the importance the province attaches to a clean economy. Hence, in such a province, we expect that energy efficiency should improve. However, this may depend on whether GPL is an initiative of the locals or the government to achieve a political agenda. Equation 4 is the equation we estimate, where RD is the regional dummy that caters for regional specific effects such as policies, institutions, and technical progress. Variables in (4) are stationary in levels (see Appendix A).
This study estimates overall energy efficiency exogenously as the product of persistent and transient energy efficiency and then regresses this variable on a set of factors. 4 A limitation of the two-stage analysis is that we do not consider the trade-offs among the various factors that affect energy efficiency and the potential rebound effects. what the likely future state would be, given information about the previous state of the province. As revealed in the figure, such future outcomes are uncertain and therefore governed by some probability rule. The province can either remain in the same state or transition into another state at time t2A. The same mechanism applies if a province reveals the initial energy utilization status as energy inefficient.
Panel Markov-switching model
In both cases, a probability distribution can be built to describe these various movements between the different states. Such a probability distribution in the Markovian chain distribution is referred to as the transition probabilities. In the absence of any absorbing state, these probability matrices will show how persistent the movements to or from the frontier are.
The idea of applying the Markov-switching model to panel data was first introduced and applied by Kalbfleisch and Lawless (1985) and Kay (1986) . In this application, the efficiency scores obtained from the stochastic frontier model are categorised into different states. , where w denotes a vector of explanatory variables.
The assumption of time-homogeneity implies that the differences in time, Table 1 shows the description of the variables and descriptive statistics. (2017) and Filippini and Zhang (2016) . Population exerts a positive effect on energy consumption, which suggests that a higher population raises the scale of energy usage, which confirms the findings of Li (2016) and .
Empirical Results
Frontier determinants
The number of vehicles exerts a positive effect on energy consumption, which confirms the scale effect of the number of vehicles (Filippini and Zhang, 2016) . While industry value-added as a share of GDP shows a positive effect, the effect of service sector output as a share of GDP is generally negative but statistically insignificant. Thus, shifts to the more energy-intensive sectors in the economy drive the scale of energy consumption upwards, which confirms Zhang et al. (2017), Zhang (2017) , and Filippini and Zhang (2016) . The total number of heating and cooling days reveal a positive but insignificant effect on energy consumption. The time trend has a significant concave effect on energy consumption. Thus, technological progress significantly reduces energy consumption in China, which confirms Filippini and Zhang (2016) and Wang and Li (2016) . ----------Note: Standard errors in parentheses. ***,**,* denote 1%, 5% and 10% significance levels. Table 3 contains the descriptive statistics of energy efficiency. The italicized figures in the parentheses are Chen's consistent TFEM estimates. Generally, the results are robust. The mean transient energy efficiency is 0.95, while the mean persistent energy efficiency is 0.563. 5 The relatively higher persistent inefficiency suggests that, in China, the problem of energy inefficiency is structural in nature. Therefore, energy security and environmental sustainability will benefit more from policies aimed at the long term than the short term (Adom et al., 2018) .
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Estimation of energy efficiency scores
We also assess the regional distribution of energy efficiency in China (see Table 4 ). There is evidence of regional heterogeneity, and Eastern China emerges as the best performing region, There may be several reasons for the observed heterogeneity. Energy efficiency policies differ among the provinces. For example, the government energy intensity reduction targets differ across the provinces. Also, differences in the institutional environment can affect rates of compliance with energy efficiency policies. Differences in human capital, FDI, urban concentration, etcetera might also account for the provincial heterogeneity in energy efficiency across China. The next section explores this question by investigating the drivers of overall energy efficiency in China.
Endogeneity in efficiency score estimation
We are also aware of the existence of endogeneity issues in the energy demand frontier model.
Following a similar strategy to Filippini and Zhang (2016) , a two-step approach is adopted in this section to address the potential effects of the endogenous regressor (GDP) on the estimated efficiency scores.
First, we identify appropriate instrumental variables for GDP. The instruments considered in this empirical study include life expectancy, the size of green parkland, and real investment in forestry. The Cragg-Donald Wald F test statistic is used to test for weak instruments. The value of this statistic is 12.3, which is higher than the critical value at the 10% level of significance suggested by Stock and Yogo (2003) . Therefore, we reject the hypothesis that the instruments are weak. The Hansen J statistic for over-identification is 4.1 (with p-value 0.13), indicating that our choices are valid instruments. All the results confirm that the instruments used in this study are appropriate. The residual estimated from the first step is then included in the second step for frontier estimation.
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To compute the persistent and transient efficiency scores, we re-estimate FEM and TFEM using the two-step approach, and label the re-estimations FEM-2 and TFEM-2,. The Spearman rank correlation coefficients between FEM and FEM-2 are 0.9933 for persistent efficiency and 0.9989 for transient efficiency. Therefore, we confirm that the potential endogeneity does not affect our estimated energy scores and we will use the results from Section 3.2 for analysis in the following sections. The effect of price is significantly negative, which implies that, in China, the price of energy does not promote energy efficiency. Du et al. (2016) , Liu and Lin (2018) , and Liu et al. (2017) found a similar result for China. The possible explanation for this is that the energy price is highly regulated in China, which results in a lower and consistent decline in price that subsequently discourages investment in energy-efficient equipment to promote energy efficiency. Thus, in order for the price of energy to induce energy efficiency investment in China, it has to be deregulated.
Drivers of energy efficiency
Further, higher income per capita compromises energy efficiency improvements. Du et al. (2016) and Liu and Lin (2018) found a similar result for China. As mentioned earlier, in China, the price of energy is highly regulated, which makes it not worthwhile to invest in energyefficient technologies with their required higher capital outlay. Consequently, higher incomes only intensify the use of the already existing equipment or appliances that may have lower efficiency standards, possibly due to depreciation. Lastly, the regional dummies are statistically significant. 
Definition of energy-efficient states
Since the transient energy efficiency measurement captures the efficiency dynamics over time,
we define different thresholds to categorize provinces into different states. Table 6 contains the definition of states and the classification of provinces into different states according to their mean values. Of the total sample, no province, on average, fell into the first category during 2003 -2015 this is an average for the period, which suggests that some provinces did indeed reach this state in the process of time). Thus, on average, energy efficiency levels in China can either be described as moderately or less energy-efficient during 2003 -2015 shown in the table, 60% of the sample falls within the moderately energy-efficient state while the remaining 40% falls within the less energy-efficient state, on average. 
Energy efficiency transition
Assuming exogeneous transition intensities
To estimate the transition probabilities, first, we test our data against whether it satisfies a timehomogeneous Markov model or time-inhomogeneous Markov model, assuming for the moment there are no covariates. The test reveals no significant time-inhomogeneity in the transition probabilities (see Appendix B). suggests that movements away from the frontier are more persistent than those towards the frontier. The persistent nature of HEE and LEE implies these states are more sustainable. The former could be due to the fact that technologies take time to depreciate and energy efficiency policies are more robust in the first year. In the latter case, the benefits of technological diffusion take time and depend on learning experiences, adaptation processes, and absorptive capacity.
Next, we increase the time intervals to two, three, and four and then estimate the transition probabilities (see Table 7 ). Generally, states become less persistent as we increase the time of transition. For a four-year time interval, the degree of persistency reduces by 45.2%, 34.5%, and 38.8% for the HEE, MEE, and LEE states, respectively. In the case of LEE, the reduction indicates that enough time provides the opportunities for learning, adaptation, and development of absorptive capacity, and this increases the probability of transitioning from this state. In the case of HEE and MEE, the decline suggests that technology depreciates with time, and the efficacy of energy efficiency policies also reduce with time, which compromises the standards.
For HEE and LEE, the result shows that the former is less sustainable, which implies that the benefits of energy efficiency improvements are likely to be short-lived in China. Further, the nature of transitions out of the states is ladder-like, and the movements towards the frontier are less persistent than from the frontier. The bottom part of Table 7 shows the average duration of states in years over the sample period. 
Endogenizing the transition intensities
In the foregoing section, we ignored the effect of explanatory variables on the transition intensities. Where such effects are significant, failing to account for them could bias the estimate of the transition intensities and the transition probabilities. In this section, we control for the effects of human capital development, FDI, real income per capita, and GPL. To verify this, we test the time-homogeneous model with covariates against the time-homogeneous model with no covariates, using the log-likelihood ratio test. The result supports the former (see Appendix C). This means that the time-homogeneous model with covariates provides a better fit. Tables 7 and 8 reveals changes in the values of the transition probabilities, but the conclusion is similar. For the one-year time interval, the HEE state seems more persistent, with a transition probability of 68%. This is followed by the LEE and MEE states, with transition probabilities of 66% and 51%, respectively. The transitions are systematic in nature, and the movements towards the frontier seem less persistent than the movements away from the frontier. The latter suggests that energy efficiency progress in China has not been sustainable.
By increasing the time interval, we also witness a consistent decline in the degree of persistence of the HEE, MEE, and LEE states. The degree of persistence decreases by 51%, 14.8%, and 30.3% for HEE, MEE, and LEE, respectively, for the four-year time interval. Over the fouryear period, HEE becomes the least persistent state compared to the LEE state. Thus, in comparison, it is relatively more difficult for China to escape the LEE state than the HEE state. Adom and Adams (2018) and Adom (2016) found a similar result in Nigeria and Cameroon.
However, observing the probabilities over time, some progress is made with time. As revealed in the Based on the above, we proceed to estimate transition intensities and transition probabilities. Table 9 shows information on the state table, transition intensities, and transition probabilities.
For the one-year time interval, the LEE state is more persistent than the HEE state, with transition probabilities of 86% and 66%, respectively. Again, the movements away from the frontier seem more persistent than the movements towards the frontier, with transition probabilities of 34.5% and 14.4%, respectively. By changing the time interval, the results seem very consistent. The degree of persistency of the HEE and LEE states declines, and the extent of decline over the four-year time interval is higher for the former (i.e. 47.6%) than the latter (i.e. 15.3%). This supports the result that the HEE state is less sustainable than the LEE state.
As shown in the table, the transition probability of remaining in the HEE state is lower than that of remaining in the LEE state. Thus, it is relatively more difficult to get out of the LEE state than the HEE state. Also, the movement away from the frontier is more persistent than the movement towards the frontier. The lower part of the table shows the average duration of both states over the sample period.
Reasons for the unsustainable nature of the HEE state
In the case of China, there are several reasons that might account for the unsustainable nature of the HEE state or the sustainable nature of the LEE state. First, the less persistent nature of HEE suggests that there are still gaps in terms of the stringency or robustness nature of energy efficiency policies in China. These gaps cut across the different array of policies implemented, and they reflect in areas such as implementation, monitoring, evaluation, compliance, flexibility, scope, and sustainability. Expectations and standards do change with time.
Therefore, the definition of standards for energy efficiency should be flexible to accommodate behavioural changes that might affect consumption and production patterns over time.
However, presently, there are fixed definitions of standards for energy efficiency that are adjusted after a certain period of time. For example, the definition of energy conservation targets is for a fixed five-year period, after which an adjustment is made. This could be problematic, as expectations and standards can change within this period, which could work against the progress of energy efficiency. Moreover, these binding targets do not provide opportunities for local governments to go beyond the limit set. Another possible problem with the energy conservation targets that might affect the sustainability of the HEE state is the use of energy intensity as the sole indicator of achieving energy efficiency enhancements. This makes it possible for local governments to still increase their consumption of energy and meet the target as long as the gross domestic product does not increase at a slower rate. In terms of scope, great attention has been focused on selected sectors and products that are deemed to be energy-intensive, but other household energy-use services have been overlooked. It was not until 2016 that the government expanded the energy efficiency labelling standards to cover most public energy-use services. Therefore, untapped efficiency potentials in major sectors such as buildings, transportation, and industry still remain. For example, in the transportation sector, energy efficiency is lagging with regard to inland waterways, air transportation, and trucks.
The second possible reason could be due to the low energy price regime in China, which discourages energy efficiency investment. Third, energy efficiency policies could be part of the problem itself as a result of Jevons paradox, where improvement in energy efficiency will lower the energy price but facilitate a rise in energy consumption, which is referred to as the rebound effect. In China, Zhang and Lin Lawell (2017) found evidence of a significant macroeconomic price rebound effect for each province in China. Other factors such as the low level of energy technology and lack of capacity building for energy saving might account for the unsustainable nature of the HEE state. 
Conclusion
This study examines energy efficiency transitions in China using data from 30 provinces that cover 2003-2015. The study combines the stochastic frontier model with the panel Markovswitching regression. The following results emerged from the study.
Persistent energy inefficiency is higher than transient energy inefficiency. This is an indication that, in China, environmental sustainability and energy security will benefit more from policies aimed at the long term, such as energy efficiency regulation, upgrade of technology, and promotion of technical and managerial competencies. Also, overall energy efficiency estimates reveal significant regional and provincial heterogeneities, and most of the current energy efficiency programs are developed and directed towards specific sectors. For example, the Top-1000 Energy-consuming Enterprise Program is dedicated to the industrial sector, while the National Energy Efficiency Design Standard for Public Buildings is aimed at the building sector. Policies dedicated to provincial level seem rare. In the national five-year plans, the provincial targets for energy intensity and emission intensity reduction are specified; however, as discussed in Filippini and Zhang (2016) and Zhang (2017) , energy intensity is different to energy efficiency. Therefore, the policy makers need to design provincial-level efficiency measures to close the regional gap.
Our second-stage analysis shows that human capital development, FDI, and urbanization promote energy efficiency, but income and price reduce it. This suggests the need for several indirect complementary policies for efficiency improvement. Although education level relies on talents, factors of environment, infrastructural gaps, and financial constraints can impact negatively on acquiring the necessary skills and knowledge that are beneficial for energy efficiency enhancement and environmental sustainability. Therefore, policies aimed at removing infrastructural gaps and financial constraints in China may prove useful for enhancing education levels and, hence, improving energy efficiency. For instance, the central government should broaden access to education to poor households in the less developed provinces of Guizhou, Gansu, Qinghai, Ningxia, Anhui, Sichuan, and Yunnan by increasing government financial aid to the poor in these provinces above the current level and expanding the scheme to cover senior high school and other non-fee costs (i.e. travelling and learning materials). Similarly, business opportunities may attract FDI to a location (as mentioned by this reviewer), but this may be conditional on the economic and political risks as well as the level of infrastructure development in these areas. Minimizing these risks and enhancing infrastructure development, complemented with tight environmental regulation, should attract FDIs that will enhance energy efficiency. Also, these provinces need an economic facelift to become preferred FDI destinations. Therefore, prioritizing these areas in the national development agenda is crucial not only for economic growth but also for energy efficiency improvement. Deregulating the price of energy could equally help to stimulate investment in energy efficiency.
Further, the results show that the high energy-efficient state is less sustainable than the lower energy-efficient state; that is, the movement away from the frontier is more persistent than movement towards the frontier, indicating that energy efficiency policies or programs in China lack robustness. In order to increase the persistence of the high energy-efficient state, the government couldconsider the following strategies: (1) national energy efficiency policies should consider the entire economic system instead of focusing on some key sectors or products. In this way, the economy can harness the full benefits of energy efficiency; (2) the set-up of energy efficiency policies should be made flexible, for example by implementing a three-year regular update to accommodate behavioural changes that affect consumption and production patterns. This can provide opportunities for regular review of policies and technological upgrade and repair; (3) beyond the minimum binding target set for energy conservation, the central government should provide incentives such as one that is tied to local budget allocation for provinces that are willing to go beyond the set target; (4) the government should also set energy consumption reduction targets; (5) the government should complement the current energy efficiency policies with energy sufficiency policies that aim at limiting the growth in energy services. This can be achieved either by travelling less, using less light, encouraging lower speeds and building smaller houses, or substituting energy services such as bicycles for cars and thermal underclothing for central heating, etc.
